point. The fraction of absorbed quanta that are contributing to fluorescence, triplet state a b sorption, non-dye resonator losses and useful output have been calculated and are displayed as a function of input power in Fig. 1 . These calculations were based on the dye parameters characteristic of rhodamine 6G and assumed that the laser inversion, n*/n, is proportional to the sum of the resonator losses, L , and the output transmission, T ; n*/n cc ( L + T ) . The distribution of power depends on evaluating the optimum output coupling at each value of the input power. It was found that this optimum output coupling was independent of effects due to dye triplet state. The mirror transmission then reduces to the familiar3 T = (PzL/K)"' -L where P is the input power per cross-sectional area of laser bore and z is the dye fluorescence lifetime.
From the figure it is clear that a dye laser should be operating with a minimum input intensity of ten times the zero output threshold. For incoherently pumped lasers where pumping intensity is limited, this becomes the operating point of choice. At this point the output coupling is twice the internal resonator losses and the laser intensity in the resonator is approximately twice the saturation value. The fraction of the input quanta that are converted into useful output is then 2073 while 40% goes into solution heating via triplet state absorption.
Using this operating point together with published efficiency data on flash lamp^,^ dyes,5
and pumping cavities6 the ultimate output efficiency of narrow line dye lasers has been estimated to be 0.1%. Similarly, the solution heat load has been estimated to be 3% of the input power. Only a limited amount of energy can be absorbed by a given volume of solvent before the lasing wavelength is shifted more than the specified limit. For a pulsed laser this limit implies a maximum pulse length which is of the order of 1 to 20 ps for the excitation intensities required for dye lasers.
The time required for the thermally induced optical inhomogenities to become significant has been measured interferometrically. A Michelson interferometer has been set up to probe the active volume of the laser under lasing conditions. Data will be presented from this time resolved interferometry and compared with the predictions made using the steady state values of the thermo-optic parameters of the dye solvent. Comparisons will be made between different solvent systems under different levels of excitation. These experiments provide the basic parameters which allow calculations to be made setting limits on the maximum average power available from single mode dye lasers. High-power, narrow linewidth tunable dye lasers are required for laser isotope separation processes. Although high-power lasers exist, the combination of high power and narrow linewidth, of the order (AIJL) % have been difficult to achieve since the linewidth stability is easily destroyed by temperature and velocity fluctuations' within the dye solutions. In enclosed dye cells, the excitation intensities required for high laser output have introduced thermal gradients into the dye fluid as a result of the low heat transfer in the boundary layer at the cell wall.
To eliminate the thermal problems at the Ijoundary, a free jet stream of liquid dye solution has been investigated as a substitute for the dye cell in the laser cavity. A geometry was investigated which would be applicable to high average power, incoherently pumped dye lasers. For this application it is necessary to have the excitation illumination direction, solution flow, and laser mode axes mutually perpendicular, The excitation is focused through the air-liquid interface. The edges of the jet stream are bounded by quartz plates which serve as windows for the laser emission. Jet streams 76 mm in width have been investigated with thickness varying from 1 to 3 mm. To be effective in the laser the surface of the liquid-air interface must not distort the focus of the excitation illumination. Also, the jet must be stable at liquid flow velocities large enough to replace the dye solution in the active volume between every flash of a pulsed laser. Most importantly, the clear aperture in the direction of the laser mode axis must be essentially identical to the stream thickness.
The development of a nozzle and flow system that is capable of establishing a stable free stream jet is quite complex. Exact analytical solutions to describe the jet velocity profile and surface wave phenomena are difficult to obtain. However, hydrodynamic theories have been helpful in establishing guidelines for an experimental approach.
An experimental evaluation of three nozzle configurations was performed to establish the merits of each. The configurations tested were: (1) flow between two long parallel planes with 90" edges at the exit and width to thickness ratios of 20 :1; (2) orifice flow with knife edges at the exit; and (3) flow from a converging slit. This testing established the magnitude of the effects of several parameters on the production of surface waves on the jet stream, namely : (a) fabrication imperfections of the nozzle; (b) end window contacts; (c) hydraulic pulsations and supply plenum turbulence; and (d) air friction.
The configuration with slot flow between long parallel planes has given the highest quality planar surfaces at fluid velocities up to 6 m/sec. The surface quality was improved by fabricating a nozzle with parallel planar walls and optical quality finishes on the walls and exit edges. The hydraulic pulsations and fluid turbulence were damped by use of a fluid accumulator and grids at the nozzle entrance. The fluid/air friction instabilities for a water jet have a critical relative velocity of AV N 6.5 m /~e c .~ F o r velocity above this, a reduction of the air pressure in the region of the jet stream has reduced this surface effect.
The jet stream clear apertures were evaluated for each design over a range of Reynold's numbers in the laminar and turbulent regions by the use of laser interferometry. The laminar flow jets produce the highest quality surfaces, however, the clear aperture is not adversely effected by the transition into the turbulent regime.
Results will be presented on the operation of the jet in a flashlamp pumped dye laser. The laser output was measured as a function of solution flow rate to evaluate the reduction in coupling efficiency caused by scattering of the excitation illumination from turbulence induced surface waves. A review of the mechanisms limiting high power operation of dye lasers will be given. The operation of a flash lamp pumped dye laser with greater than 40 watts average output power will be described. Picosecond laser techniques provide a unique opportunity to monitor the initial steps in photosynthetic processes. We have used a streak camera to study the fluorescent decay times of ' Work performed under the auspices of the U. S.
Atomic Energy Commission.
